Lantibiotics present an attractive scaffold for the development of novel antibiotics. We report here a novel lantibiotic for the treatment of Clostridium difficile infection. The lead compounds were selected from a library of over 700 single-and multiple-substitution variants of the lantibiotic mutacin 1140 (MU1140). The best performers in vitro and in vivo were further used to challenge Golden Syrian hamsters orally in a Golden Syrian hamster model of Clostridium difficile-associated disease (CDAD) in a dose-response format, resulting in the selection of OG716 as the lead compound. This lantibiotic was characterized by a 50% effective dose of 23.85 mg/kg of body weight/day (10.97 mol/kg/day) in this model. Upon oral administration of the maximum feasible dose (Ն1,918 mg/kg/day), no observable toxicities or side effects were noted, and no effect on intestinal motility was observed. Compartmentalization to the gastrointestinal tract was confirmed. MU1140-derived variants offer a large pipeline for the development of novel antibiotics for the treatment of several indications and are particularly attractive considering their novel mechanism of action. Based on the currently available data, OG716 has an acceptable profile for further development for the treatment of CDAD.
target, lipid II, an essential constituent of cell wall synthesis (10, 12) . It is well-known that vancomycin also targets lipid II but does so at the terminal part of the pentapeptide (13) . Bacteria can develop a mutated lipid II pentapeptide in response to selective pressure in the presence of vancomycin. The best-characterized example of this phenomenon is the acquisition of vanA by vancomycin-resistant enterococci (VREs). VRE strains that acquire vanA replace the D-Ala-D-Ala moiety of lipid II with a D-Ala-D-lactate moiety (14) . In contrast, several lantibiotics bind to the pyrophosphate moiety of lipid II, which is thought to confer a much lower frequency of resistance development because bacteria are less likely to develop mutations of the nonproteinaceous pyrophosphate binding site.
While mutacin 1140 (MU1140) is characterized by an excellent overall therapeutic profile (5, 12, 15) , it suffers from limitations that impede its drugability and further clinical development. Building on the lessons learned from previous structure-function studies, key amino acid substitutions were pyramided into compounds that were further characterized in vitro and in vivo (16) (17) (18) . Thirty-four years after the initial discovery of MU1140 by Hillman's group (19) and after the screening of over 700 compounds engineered with single and multiple (up to eight) amino acid substitutions in MU1140, two compounds with improved physicochemical, pharmacological, and therapeutic properties, OG716 and OG718, targeting Clostridium difficile in C. difficileassociated disease (CDAD) ( Fig. 1 ) emerged (16, 17, 18) . This infectious agent continues to be an urgent threat in the hospital setting, according to the CDC (20) . The incidence rate of Clostridium difficile infection (CDI) varies markedly from country to country, with many countries detecting increasing incidence rates above the current high rates of CDI (21) . New therapies that range from antibodies to antibiotics and from vaccines to fecal transplants are becoming available (22, 23) . Unfortunately, the high cost of some of those new therapies may limit broad utilization (24) and create opportunities for cost-effective alternatives.
In this report, we further characterize the therapeutic profile of OG716 and OG718 using a dose-response format of CDAD infection in the Golden Syrian hamster model. The pharmacological and toxicological properties of the lead compound OG716 were further characterized by performing a maximum tolerated dose (MTD) assay in Wistar Han rats. In addition, the systemic bioavailability in and the compartmentalization of OG716 to the gastrointestinal (GI) tract when administered orally at the maximum feasible dose were determined.
RESULTS
Characterization of test compounds. Lyophilized OG716 and OG718 were produced as acetate salts of lanthipeptides, as previously described (17, 18) . The purity and identity of the two compounds were characterized and confirmed using several analytical methods, including high-performance liquid chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS). The purities of the two compounds were Ͼ90% by HPLC, and the identity of the product peak was confirmed by LC-MS for both molecules (data not shown). Elemental analysis was used to calculate the net peptide contents from lyophilized peptide powder. Both peptides contained 84% Ϯ 1% of the net peptide content by mass, determined following a method modified from that of Vemuri (25) (data not shown). Proton ( 1 H) nuclear magnetic resonance (NMR) was used to calculate the amount of acetate counterion, and it was found that OG716 and OG718 had 2.7 eq and 1.9 eq of acetate counterion, respectively (data not shown).
Efficacy dose range finding. The experimental scheme used to investigate the dose-response of both drugs under investigation in the hamster C. difficile infection model is presented in Table 1 , and the resulting data are shown in Fig. 2 . All untreated animals (negative-control animals treated with vehicle only) were dead by day 4. Analysis of the survival results revealed that most of the treatment regimens enhanced the survival of infected animals (according to the overall survival or time to mortality) compared to that of the animals in the vehicle control group. The survival of animals treated with OG716 at a dose of 6 mg/kg of body weight/day was not statistically significantly different from that of the vehicle controls, and although animals treated with OG718 at an 18-mg/kg/day dose exhibited 0% survival by day 8, OG718 provided a significant delay in the observed mortality compared to that for the controls. All other active treatment regimens were statistically significantly more effective than the vehicle control regimen (P Յ 0.01). The 50% effective doses (ED 50 ) of OG716 and OG718 were calculated from the in vivo dose-response curve presented in Fig. 3 . OG716 presented with an ED 50 of 23.85 mg/kg/day, while the ED 50 of OG718 was 84.72 mg/kg/day. Comparative analysis of the ED 50 values determined that OG716 was significantly more efficacious than OG718 in the hamster C. difficile infection model (P ϭ 0.0423). The 20 mg/kg/day (13.80 mol/kg/day) of vancomycin chosen as a positive control for this study resulted in 50% survival (Fig. 2) . TID for 5 days  2  6  2  OG716  TID for 5 days  6  18  3  OG716  TID for 5 days  20  60  4  OG716  TID for 5 days  35  105  5  OG716  TID for 5 days  60  180  6  OG718  TID for 5 days  6  18  7  OG718  TID for 5 days  20  60  8  OG718  TID for 5 days  60  180  9 Vancomycin QD for 5 days 20 20 10 Infection (vehicle) control TID for 5 days NA NA a All regimens were administered by oral gavage, and each group contained six mice. NA, not applicable.
Cecum-associated CFU count and toxin titers.
The results for the C. difficile CFU levels (including the levels of both the vegetative and the spore forms) found in cecal samples from treated animals are presented in Fig. 4 and Table 2 , and the results of intragroup analysis are presented in Table S1 in the supplemental material. The mean cecal CFU count for the vehicle control group was 6.66 log 10 CFU/ml. Animals treated with OG716 at 105 mg/kg/day demonstrated 100% survival and had CFU counts below the limit of detection (2.40 log 10 CFU/ml). All other groups, which showed rates of survival of from 33 to 83%, exhibited CFU counts ranging from 2.51 to 5.37 log 10 CFU/ml, and these counts paralleled the clinical signs. Additionally, the groups that were administered the top two doses of OG716 (105 and 180 mg/kg/day) had significantly lower mean CFU counts in their cecal contents than the mean CFU counts . Golden Syrian hamsters (n ϭ 6 per group) were infected on day 1 (D1) and received a single subcutaneous injection of clindamycin (10 mg/kg) on day 2. Test compounds at various doses (6 to 180 mg/kg/day) in 5% D-mannitol were administered by oral gavage 3 times per day (TID), starting on day 2 at 18 h after clindamycin treatment, for 5 consecutive days (days 2 through 6). Vancomycin (the positive control) was administered at 20 mg/kg/day (QD) in parallel, and the infection control group was dosed with vehicle alone. See Materials and Methods for details. Van, vancomycin. associated with the cecal contents of the vehicle control group. The strength of the linear relatedness between cecum-associated CFU titers and the survival of groups treated with OG716 was evaluated using the Pearson correlation coefficient or Pearson's r test. The log 10 CFU counts per milliliter of cecal fluid taken from the OG716treated groups were significantly related to the survival of these groups (P Ͻ 0.05; n ϭ 6), with an R squared value of 0.97.
The toxin titers determined in matching cecal samples are presented in Fig. 5 and 6 and Table 2 , and the results of the intragroup analysis are presented in Tables S1 and S2. The levels of toxins A and B in the cecal contents tracked with both the measured CFU counts and survival during the study and normalized per milliliter of cecal fluid with limits of detection for the toxin assay as 8 ng/ml and for the C. difficile counts as 2.4 log 10 CFU/ml. All of the groups treated with OG716, OG718, or vancomycin had 4to 3,000-fold lower mean toxin A and B concentrations in their cecal contents than the mean toxin titers in the vehicle-treated group. However, only the groups administered the top three doses of OG716 (60, 105, and 180 mg/kg/day) had mean toxin A and B titers significantly lower than those in the vehicle control group. The highest dose of OG718 (180 mg/kg/day) resulted in a mean toxin A titer significantly lower than that in the vehicle control group, but the mean toxin B titers were determined not to be significantly different with the same comparison. Similarly, vancomycin treatment resulted in cecum-associated toxin concentrations lower than those in the vehicle control group, but those differences were not significant. The total cecum-associated CFU count results from the study were comparable to the toxin results, in that the groups administered the top two doses of OG716 (105 and 180 mg/kg) had significantly lower mean CFU counts in their cecal contents than the mean CFU counts associated with the cecal contents of the vehicle control group. More specifically, the mean toxin A and B levels for animals that died on study were 867 and 650 ng/ml, respectively. The titers in surviving animals were Յ0.8 ng/ml for both toxins. With the exception of one hamster in group 8 of the study (hamster 10495), animals that survived 21 days after infection had toxin A and B titers near or below the limit of detection (Յ0.8 ng/ml for both toxins). Even though animal 10495 survived the full 21 days after infection, it had cecal fluid-associated toxin A and B titers of 222 ng/ml and 325 ng/ml, respectively, and a C. difficile count of 4.7 log 10 CFU/ml of cecal fluid. As with the CFU data, the Pearson correlation coefficient or Pearson's r test was used to determine the strength of the linear relatedness between cecum-associated toxin titers and the survival of groups treated with OG716, which were found to be significantly related (P Ͻ 0.05; n ϭ 6), with R squared values of 0.95 for both analyses (Fig. 7) . Altogether, these results suggest that even though other factors, like gut microbiome dysbiosis and recovery, may affect overall survival in the hamster C. difficile infection model, the survival of animals treated with OG716 in this study was significantly impacted by the amounts of toxins and C. difficile in the ceca of infected hamsters at the time of death. Therefore, the efficacy of OG716 in this study is represented as a dose-dependent survival of infected hamsters, which is directly correlated to the decrease in the number of cecum-associated CFU and toxin levels in animals treated with OG716. Such a correlation was not observed in OG718-treated animals. Intragroup statistical analyses were performed, and the results are included in Tables S1 to S3 .
MTD, GI motility and bioavailability. The in vivo maximum tolerated dose (MTD) and toxicology study designs are described in Table 3 . There were no unanticipated deaths during the course of this study. A hunched posture was noted in one animal following administration of a single dose of OG716 at 639 mg/kg on the day of dose administration. There were no additional clinical signs noted in this animal, and there were no clinical signs noted in the remaining treated animals. No test-related changes FIG 4 Distribution of total C. difficile counts based on dose group versus surviving or dead animals. The cecal contents from all hamsters that died on study or from hamsters euthanized at the end of the observation period (day 21; Fig. 2 ) were collected and tested for total cecum-associated CFU counts (see the Materials and Methods section for details). The limit of detection (LOD) was 2.40 log 10 CFU/ml. Blue and red curves, logarithmic regression of the OG716 mean (A) and OG718 mean (B), respectively. in body weights or food consumption were noted in group 5 and 6 animals or through the study observation period (3 days). A decrease in gastric emptying was noted in group 3 animals following administration of a single dose of OG716 at 639 mg/kg as well as in group 4 animals following administration of three doses of OG716 at 639 mg/kg/dose for a total dose of 1,917 mg/ kg. As presented in Fig. 8 , the charcoal content in the stomach was approximately 77% greater in group 3 animals than in vehicle control group 1 animals and 30% greater in group 4 animals than in control group 2 animals. In group 3 animals, the decrease was mainly noted in 4 out of 6 animals, with 2 animals not showing any significant changes. For group 4 animals, the decrease was mainly noted in 2 out of 6 animals, with the 4 remaining animals not showing any significant changes. The length and location of the trace amounts of charcoal in the intestinal tract were comparable across groups, indicating that there were no effects on intestinal motility (data not shown).
Based on the pharmacokinetic (PK) evaluation of plasma collected as shown in Table  4 , no systemic exposure was noted following administration of OG716 at 1,000 or 1,917 mg/kg/day. The concentrations in all samples from the control and treated groups analyzed for the plasma concentration of OG716 were below the level of quantification, with the exception of 2 samples. One animal had a plasma concentration of OG716 of 10.3 ng/ml at 1 h after the second dose (9 h after the first dose of 1,000 mg/kg/day), and one animal had a plasma concentration of 13.6 ng/ml at 1 h after the first dose of 1,917 mg/kg/day (data not shown). It should be noted that the levels detected were at the bottom range of the assay precision, as the lower limit of quantification (LLOQ) was 10 ng/ml in the bioanalytical assay used in this study.
DISCUSSION
As previously reviewed, lantibiotics are an attractive class of molecules that present interesting properties and structural features for the development of novel antibiotics that may be less susceptible to the development of microbial resistance (2, 5, 6, 8) . We recently had an opportunity to build on the lessons learned from the structure-function analysis of MU1140 homologs produced by saturation mutagenesis to identify those residues that hindered the drugability of MU1140 (16) . Several residues of the primary MU1140 peptide sequence can be mutated, enabling productive multiple-amino-acid substitutions that can alleviate each of MU1140's shortcomings by improving specific physicochemical or pharmacological properties of the molecule while preserving its distinctive therapeutic characteristics (16) . Using those seminal studies as blueprints for the subsequent development of the second generation of MU1140 variants, we pyramided multiple substitutions that led to several compounds with better overall pharmacokinetic (PK)/pharmacodynamic (PD) properties (18) . The top performers identified in those studies combined Phe1 substitutions and Arg13 substitutions, which, taken together, enhanced the half-life of MU1140 in simulated GI fluids by substitution of amino acid residues that are inherently more stable and not prone to proteolytic degradation (18) . This pharmacological improvement was engineered without negatively impacting potency, in vivo efficacy, or manufacturability (18) . In the current study, we further characterized the dose-response of two of the top performers and assessed the maximum tolerated dose, the potential impact of high doses on GI motility, and the bioavailability of the lead compound, OG716.
In vitro, both OG716 and OG718 were previously shown to be very comparable in terms of their potency and basic physicochemical properties (18) . In particular, the MIC range of OG716 (0.25 to 0.5 g/ml) was not significantly different from the MIC range of OG718 (0.25 to 1 g/ml) for a small subset of C. difficile strains tested (n ϭ 8). Similarly, the MIC mode and MIC 50 were identical for both molecules (0.5 g/ml). The MIC 90 was also very similar between OG716 (0.5 g/ml) and OG718 (1 g/ml). The MIC range and MIC 90 of both molecules were still superior to the MIC range (0.5 to 4 g/ml) and MIC 90 (4 g/ml) of vancomycin, the comparator used in those studies (18) . The intrinsic stability of both OG716 and OG718, based on forced degradation studies performed at 37°C and 50°C, also revealed a favorable degree of stability for both compounds. The half-life of both compounds in simulated gastric fluid was identical and immeasurable (Ͼ1,440 min), while the half-life of OG718 in simulated intestinal fluid (Ͼ720 min) was longer than that of OG716 (552 min). The solubility of OG718 in a 5% D-mannitol formulation also was greater than that of OG716 under the same conditions (Ն24 mg/ml versus 12 to 18 mg/ml, respectively) (18) .
The in vivo efficacy of OG716 and OG718 when they were tested at a single dose (20 mg/kg, orally, three times a day [TID]) in previous studies (18) suggested that the efficacy of OG716 is better that of OG718, based on 100% survival, no relapse, and undetectable C. difficile counts and toxin titers within cecal fluid. In contrast, animals treated with OG718 presented 83% survival, with the total CFU and toxin levels correlating with the clinical outcomes (18) . The difference in survival between OG716and OG718-treated animals (1/6 animals tested) was not statistically significantly different (18) . In the current study, we aimed to further characterize the dose-response of the top two leading candidates side by side. The survival results for C. difficile- infected hamsters treated with a range of OG716 and OG718 concentrations ( Fig. 3) of between 2 and 60 mg/kg TID (6 to 180 mg/kg/day for 5 days) resulted in dosedependent survival curves through day 21 for both compounds. Statistical analysis of the survival plots for the group treated with a test article versus the vehicle control group indicated statistical significance for OG716 (P Ͻ 0.05) for all doses except 2 mg/kg (Fig. 2) . The corresponding dose-responses were plotted for each compound and compared ( Fig. 3 ). Dose-response analysis suggested that OG716 was superior to OG718 (ED 50 , 23.85 mg/kg/day [10.97 mol/kg/day] and 84.72 mg/kg/day [39.00 mol/ kg/day], respectively). The cecum-associated total CFU and toxin levels correlated with the clinical outcomes ( Fig. 4 to 6) . In particular, the data presented suggest that even though the gut microbiome dysbiosis and/or recovery may affect overall survival in the hamster C. difficile infection model, the survival of animals treated with OG716 is significantly impacted by the amounts of toxins and the total number of CFU in the ceca of infected hamsters at the time of death. Under the experimental conditions used, the vehicle control group exhibited 66% mortality on day 3 and 100% mortality on day 4 (2 days after treatment initiation). In the vancomycin treatment group (20 mg/kg, orally, once a day [QD] for 5 days), all animals survived the treatment phase and started to relapse in a stepwise fashion until survival reached 50% by day 21 of the study. Altogether, the in vivo efficacy data set supports the concept that OG716 is sufficient to confer a greater degree of survival as well as a sufficient degree of stability in the GI tract to be efficacious when administered by oral gavage, despite the longer half-life of OG718 in simulated intestinal fluids. It has previously been shown that mutacin 1140 exhibits rapid initial killing against multidrug-resistant Staphylococcus aureus and Streptococcus pneumoniae, whereas bacteriostatic activity against vancomycin-resistant enterococci was reported (12) . While we cannot rule out the possibility that OG716 may be bacteriostatic with C. difficile, regimens with which treated animals presented with a cure rate of 100% and the organism (and its spores/toxins) was completely eradicated, an effect that persisted for at least 2 weeks after the cessation of therapy, were identified (18) . It is unclear at this time what the local concentrations of compounds in the colon may be and what the bactericidal/bacteriostatic properties of OG716 are for C. difficile in vitro or during infection. Whether or not this compound has sporicidal properties, whether it can inhibit germination, or even whether it can directly modulate toxin levels remains to be elucidated and is under investigation. Taking into account the higher molecular weight of OG716 (ϳ2.2 kDa) than of vancomycin (ϳ1.4 kDa) and the fact that they both target the same molecular target (lipid II), albeit at a different moiety (pyrophosphate versus pentapeptide, respectively), OG716 treatment compared favorably to vancomycin treatment on a micromole-per-kilogram-per-day basis, despite the fact that the OG716 dosage was not fully optimized; in that model, the ED 50 of OG716 and vancomycin were 10.97 mol/kg/day and 13.3 mol/kg/day, respectively. The maximum tolerated dose of OG716 was further investigated to characterize the safety profile and unveil any potential toxicities of this new compound when administered up to 3 times daily following a single-day oral administration regimen. The tolerability was assessed at the highest dose that the regulatory authorities recommend be tested for a therapeutic peptide (1,000 mg/kg/day) and at the maximum feasible dose for OG716 (1,917 mg/kg/day, or 639 mg/kg/dose TID). The dose levels were selected in an attempt to produce graded responses to OG716. The higher dose level (1,917 mg/kg/day) was considered the maximum feasible dose, based on the allowable dose volume for single-dose administration and what can be produced as a homogeneous suspension (higher concentrations jellify and are not dosable). This dose was expected to produce some toxic effects but not excessive morbidity that would prevent meaningful evaluation. The lower dose levels in the GI study (639 mg/kg/day QD) and PK study (1,000 mg/kg/day, or 333.3 mg/kg/dose TID) were expected to produce no detectable indications of toxicity and were selected to assess the effects of a single dose compared to those of 3 doses in 1 day on the GI transit time or a lower dose on systemic exposure levels, respectively.
Under the conditions tested, no adverse clinical signs or differences in body weights or food consumption were noted, and no OG716-related gross findings were noted by pathological assessment. However, a decrease in gastric emptying was noted following administration of a single dose of OG716 at 639 mg/kg, as well as in animals challenged by administration of three doses of OG716 at 639 mg/kg/dose for a total dose of 1,917 mg/kg. A change in gastric emptying can impact drug absorption and the rate of absorption. In most cases, a decrease in gastric emptying correlates with a decrease in the rate of absorption (26) . In contrast, the same doses did not seem to have any measurable effect on intestinal motility. The absence of obvious signs of toxicities, determined using several in vitro assays, has been previously reported (17, 18) . In two reports, low cytotoxicity was observed using HepG2 hepatocytes (17) and other cell types (5). The extremely low levels of cytotoxicity that were previously observed at high concentrations of variants of MU1140 (millimolar range) remain approximately 3 orders of magnitude higher than the expected therapeutic concentration (low micromolar to high nanomolar) (17) . Similarly, off-target pharmacological profiling was previously performed on several variants of MU1140 using the Safety Screen 44 (17, 27) . This profiling panel has been successfully used to provide the early identification of significant off-target interactions for the optimization of safety margins (27) . The results also suggested that this class of compounds possesses relatively low overall toxicity and is not likely to present inadvertent off-target effects (17) .
The single-day oral administration regimen (QD versus TID) to Wistar Han rats at doses of 1,000 and 1,917 mg/kg/day showed that there was no consistent systemic exposure to OG716 at these dose levels. These findings were expected, considering that the molecular weight of OG716 (ϳ2.2 kDa) far exceeds the maximum molecular weight cutoff (ϳ500 Da) of compounds through the GI barrier (28) . It remains to be seen whether or not infected GI tracts, often resulting in "leaky guts," affect the bioavailability in the bloodstream.
In conclusion, OG716 emerged as the best compound from a library of over 700 MU1140-derived compounds with single and multiple substitutions to treat C. difficile enteritis in hamsters. This lead compound was characterized by a relatively low EC 50 (23.85 mg/kg/day [10.97 mol/kg/day]), which compares favorably to the current standard of care in human infections, vancomycin. The administration of OG716 by oral gavage to Wistar Han rats at the highest feasible daily dose resulted in a decrease in gastric emptying with no effect on intestinal motility. Administration of OG716 at doses of up to 1,917 mg/kg/day resulted in no test article-related mortality, clinical signs, changes in body weight or food consumption, or gross findings and showed that there was no consistent systemic exposure to OG716 at these dose levels. Based on these results, OG716 is a reasonable candidate to advance toward clinical testing for its activity against CDI.
MATERIALS AND METHODS
Bacterial strains and drug manufacturing. Amino acid substitutions were introduced into MU1140; Streptococcus mutans strain SM716 produces the compound OG716 (MU1140 Phe1Val-Arg13Asn), and S. mutans strain SM718 produces the compound OG718 (MU1140 Phe1Ile-Arg13Asn-Tyr20Phe). The construction of strains expressing OG716 and OG718 have been previously described in detail and was performed by Intrexon Corp. (16, 18) . Briefly, both strains were constructed in S. mutans JH1140 (29) by allelic replacement, where the native chromosomal lanA gene was replaced with lanA variants encoding codon substitutions. Splicing by overlap extension (SOE) PCR was used to construct DNA vectors for integration of lanA variants into the JH1140 chromosome using a selectable erythromycin resistance marker (from pVA891 [30] ). Strains were routinely grown on tryptic soy agar or broth containing yeast extract and 3 g/ml erythromycin and incubated in a candle jar for 3 days at 37°C. PCR and Sanger DNA sequencing were utilized to confirm replacement of the chromosomal copy of lanA with the lanA variant carried by the integration vector. The PCR primers and probes used in strain engineering are proprietary to Intrexon Corp., and their design took into account the S. mutans codon preference.
OG716 and OG718 were manufactured at the gram scale using proprietary methods. Briefly, fermentations were performed in 1,500-liter bioreactors using fed-batch fermentations under aerobic stirred tank conditions with automated temperature/pH/dissolved oxygen controls. Purifications of crude peptide were carried out using conventional column chromatography with acetic acid-containing buffers. Purified fractions were lyophilized to obtain acetate salts of lanthipeptides (Oragenics, unpublished data).
Characterization by HPLC, LC-MS, NMR, and elemental analysis. The purity, quantity, and identity of each compound during manufacturing were determined by HPLC and LC-MS, as previously reported (18) . A Waters XBridge C 18 column (particle size, 3.5 m; 4.6 by 70 mm) was used. Buffer A was 0.1% formic acid in H 2 O, and buffer B was 0.1% formic acid in acetonitrile (ACN). The gradient was 20% buffer B to 95% buffer B over 20 min at a flow rate of 0.4 ml/min. The injection volume was 25 l. The mass of the peak of interest was analyzed by electrospray ionization mass spectrometry with a source temperature of 250°C, and the cone gas flow was 60 liters/h. The NMR spectra of OG716 (MU1140 F1V and R13N) were acquired and analyzed as previously reported (16, 18) . They were acquired on an Agilent NMRS instrument operating at 600 MHz for proton NMR and equipped with a high-temperature superconductor (HTS) 1.5-mm probe (University of Florida NMR Core Facility, Gainesville, FL). The water signal was suppressed in a wet one-dimensional experiment. The precedent parameters were used to set up (i) a total correlation spectroscopy (TOCSY) experiment with a mixing time of 150 ms, (ii) a rotating-frame nuclear Overhauser enhancement spectroscopy (ROESY) experiment with a mixing time of 200 ms, (iii) a heteronuclear single quantum coherence (HSQC) experiment optimized for a one-bond coupling constant of 146 Hz, and (iv) a heteronuclear multiple bond correlation (HMBC) experiment optimized for a long-range coupling constant of 8 Hz. A 5-mg sample of OG253 was dissolved in 60 l of a mixture of deuterated acetonitrile-water, 3:1, yielding a 37 mM solution. Elemental analysis was performed by Peptide International (Louisville, KY, USA).
Efficacy and dose-response assessment. The in vivo efficacy and dose-response assessment was performed as previously described in detail (18) via oral gavage. This study was carried out in administered by oral gavage as a single dose once daily for 1 day for groups 1 and 3 and three times a day (every 8 h Ϯ 15 min) for 1 day for groups 2, 4, 5, and 6. The dose volume for each animal was based on the most recent body weight measurement.
Animals in groups 1 to 4 of the GI study were food deprived overnight prior to dose administration and had access to water throughout the experiment, except for the 20-min period following administration of activated charcoal, during which the animals were also water deprived. The charcoal formulation (3 ml for each animal) was administered 1 h following the last dosing to the appropriate animals by oral gavage. At the end of the 20-min waiting period, the rats were euthanized, the abdominal cavity was opened, and the stomach and intestines were removed. The presence or absence of charcoal in the stomach was documented. The stomachs were weighed (with and without contents), and the values were recorded to give an indication of gastric emptying. The intestines were extended to their full length, and the intestines were opened. The charcoal was located, and the distances from the pyloric sphincter to the most proximal and distal traces of charcoal were measured and recorded, as was the total distance from the pyloric sphincter to the cecum (all distances were measured in millimeters). Samples were collected as indicated in Tables 3 and 4 and sent out for bioanalytical testing.
The animals (groups 5 and 6) used for PK analysis were subjected to a complete necropsy examination by a veterinary pathologist, which included evaluation of the carcass and musculoskeletal system; all external surfaces and orifices; the cranial cavity and the external surfaces of the brain; and the thoracic, abdominal, and pelvic cavities with their associated organs and tissues.
All statistical tests were conducted at the 5% significance level. All pairwise comparisons were conducted using two-sided tests and were reported at the 0.05, 0.01, and 0.001 levels. The body weights of the group 5 and group 6 animals in the PK analysis were compared using a two-sided t test if Levene's test was not significant or the Wilcoxon rank-sum test if it was significant. The percentage distance along the length of the intestines from the pyloric sphincter to the cecum was calculated for the proximal and distal measures for each animal. Numerical data obtained from the parameters of interest during the conduct of the study were subjected to calculation of group mean values and standard deviations. Inferential statistics were performed when possible, but data for any group with less than 3 observations were excluded. Levene's test was used to assess the homogeneity of group variances. Data sets with at least 3 groups were compared using an overall one-way analysis of variance F test if Levene's test was not significant or the Kruskal-Wallis test if it was significant. If the overall F test or Kruskal-Wallis test was found to be significant, then the pairwise comparisons mentioned above were conducted using a two-sided t test or the Wilcoxon rank-sum test, respectively. Adjustments for a multiplicity of tests were made based on the square root of the number of pairwise comparisons. Data sets with 2 groups (both involved in one of the pairwise comparisons listed above) were compared using a two-sided t test if Levene's test was not significant or the Wilcoxon rank-sum test if it was.
Development of an LC-MS/MS method for bioanalysis. An LC-MS method was developed by AIT Bioscience (Indianapolis, IN, USA) to quantify OG716 in serum (Oragenics, unpublished). Briefly, OG716 was enriched from K 2 EDTA-treated plasma samples by solid-phase extraction followed by quantitation by liquid chromatography-tandem mass spectrometry (LC-MS/MS) using a Thermo Scientific TSQ Quantiva mass spectrometer. The lower limit of quantification (LLOQ) was 10 ng/ml using this method. Statistical analyses, including regression analysis, and descriptive statistics, including arithmetic means and standard deviations, accuracy, and precision, were performed using Thermo Scientific LCquan software or the Watson laboratory information management system (LIMS) and Microsoft Excel software.
SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC .01904-18.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
